The metabolic changes occurring after ischaemic stroke were measured to investigate the functional anatomy of clinical motor recovery. Positron emission tomography (PET) and the steady-state 15O technique was used to compare resting relative metabolic distributions at the onset of functional deficit with those following recovery. Ten patients were studied with repeat scans. Motor recovery was associated in some patients with an increase of relative oxygen metabolism in anatomical structures normally involved in motor function in the affected hemisphere, particularly in the cortical motor areas. In those patients without such metabolic changes in the cortex of the diseased hemisphere, relative increases in cortical metabolism in the contralateral hemisphere were associated with better motor recovery than in patients with no relative cortical metabolic increase in either hemisphere. There was no correlation between the degree of improvement in motor function and the severity of motor deficit at onset, the size and site of the lesion and the metabolic changes in the infarcted zone. No particular pattern of global metabolic changes was observed after recovery. Thus different relative patterns of metabolic recovery were seen in patients with different lesions and evidence was found for the participation of contralateral structures in the recovery process in some patients. (7 Neurol Neurosurg Psychiatry 1992;55:990-996) 
The metabolic changes occurring after ischaemic stroke were measured to investigate the functional anatomy of clinical motor recovery. Positron emission tomography (PET) and the steady-state 15O technique was used to compare resting relative metabolic distributions at the onset of functional deficit with those following recovery. Ten patients were studied with repeat scans. Motor recovery was associated in some patients with an increase of relative oxygen metabolism in anatomical structures normally involved in motor function in the affected hemisphere, particularly in the cortical motor areas. In those patients without such metabolic changes in the cortex of the diseased hemisphere, relative increases in cortical metabolism in the contralateral hemisphere were associated with better motor recovery than in patients with no relative cortical metabolic increase in either hemisphere. There was no correlation between the degree of improvement in motor function and the severity of motor deficit at onset, the size and site of the lesion and the metabolic changes in the infarcted zone. No particular pattern of global metabolic changes was observed after recovery. Thus different relative patterns of metabolic recovery were seen in patients with different lesions and evidence was found for the participation of contralateral structures in the recovery process in some patients. (7 Neurol Neurosurg Psychiatry 1992; 55:990-996) A demonstrably effective therapeutic approach to acute cerebral ischaemia has still to be defined. This is partly due to an incomplete understanding of the mechanisms leading to ischaemic cell death and partly to an even greater ignorance about the mechanisms of functional recovery following cerebral infarction. Research in the area of functional rehabilitation is doubly difficult because of the multiple variables that affect outcome and the difficulty of selecting homogeneous patient populations with respect to mechanism and extent of infarction.1 Methods of selecting groups of patients that might benefit from intensive rehabilitation treatment and what forms, if any, such treatment should take remain to be defined. One step would be the establishment of the functional anatomical basis for such recovery. The investigation of such aspects of human functional recovery has been mainly clinical and pathological with attention directed principally at the ischaemic lesion. The results have been contradictory. 25 Cerebral blood flow (CBF) has been the principal functional parameter investigated with the development of functional neuroimaging techniques. However, in the acute phase of stroke there is profound mismatch between cerebral metabolism and blood flow with various degrees of relative or absolute hyperaemia, -' which means that CBF does not reflect cerebral function in the early phase of injury. The mismatch is responsible for the low prognostic value of CBF unless the measurement is made within a very few hours of onset of the acute ischaemia.9"-1 Positron emission tomography (PET) can be used to measure human brain metabolism in vivo thus providing more direct evidence of cerebral function in the acute phase of stroke.
The aim of our study was to evaluate the metabolic changes occurring after ischaemic stroke in the acute and recovered phase and to investigate correlations with clinical recovery of motor function.
Materials and methods
We studied 5 male and 5 female patients, mean (SD) age 54-3 ( 8 7) indicate a severe plegia, from 33-64 a moderate paresis and 65-99 mild disability. Improvement in motor function was assessed by the raw score increment obtained at follow up examination relative to the initial assessment during the acute phase of the illness. Ratings were performed by one assessor throughout to obviate added variance resulting from interrater variability. All patients had CT or MRI scanning on admission and, if necessary, this was repeated following recovery. Delayed CT or MRI scans were used to delineate the extent of the infarction. All images were reoriented so that the transverse slices lay parallel to the intercommissural plane. All the patients received standard medical treatment for their strokepatients 4, 5, 7, 8 and 10 received antihypertensive medication, none received Ca channel blockers, anticonvulsants, sedatives or anti-psychotics. Clinical data are summarised in table 1.
PET studies PET was performed at a mean (SD) 4 9 (4 6) days from symptom onset and was repeated in the chronic phase . The set of data was then expanded by linear interpolation in the axial dimension to produce 43 transaxial slices with near cubic voxels of 2.05 x 2.05 x 2.5 mm allowing three dimensional inspection of scans visually. The scans were analysed on a computer (SUN 3/60) with image analysis software (ANALYZE, BRU, Mayo Clinic), which allowed them to be displayed relative to the intercommisural line (AC-PC line) and to be scaled for precise anatomical localisation by standard stereotactic coordinates based on the Talairach atlas."8-9"The procedure of reorienting PET scans was developed for normal studies but has been used successfully in studies of patients with cerebral infarcts.
Data analysis
In the acute phase of stroke a mismatch may occur between CMRO2 and CBF which manifests as a change in OER.7 For this reason, we analysed CMRO2 data which give a more direct reflection of tissue metabolism than CBF. Variability in the absolute levels of global CMRO2 between patients and between successive measurements in individuals averaged 9-4 (4-8)%. Such variability was present in both the lesioned and unlesioned hemispheres and is in accordance with previous data.2021 Even such small interscan variability may mask significant regional (r)CMRO2 changes. To circumvent this problem, and because we were primarily interested in variations in the regional profile of metabolism between the acute and recovered phases, we normalised the rCMRO2 data of the second scan of each patient to the average CMRO2 of the patient's first scan. Three features were analysed in the PET scans: 1) relative rCMRO2 changes in the anatomical area of the ischaemic lesion; 2) global CMRO2 changes occurring between the first and second scans in the group of patients; 3) relative rCMRO2 changes in individual patients. 1) Changes in the area of the lesion: To study the variations occurring in the area of the lesion, each pair of studies was aligned parallel to the AC-PC line."8 Irregular regions of interest (ROI) were drawn interactively, using the anatomical boundaries of the lesion shown on the similarly reoriented CT or MRI scan, onto the PET scan planes. The same ROIs were then automatically placed on the homologous slices of the follow up study. The average of the rCMRO2 value for the whole lesion so defined was compared with the average normalised rCMRO2 from the same region on the second scan for each patient.
2) Changes as a group: We used a descriptive and exploratory statistical approach to look for any general metabolic pattern associated with motor recovery. All the studies, irrespective of the site of the lesion were considered. The scans were flipped about the midsagittal plane such that all the ischaemic lesions were analysed as though left sided. All the scans were also resized by linear scaling into standardised brain dimensions. Data were smoothed by a square low-pass filter of size 9 pixels to improve the signal to noise and reduce variance due to differences in gyral anatomy between individuals. The presence of significant relative increases in rCMRO2 was assessed by constructing average pixel-by-pixel maps of the normalised rCMRO2 and associated variances for the first and the second scans and then comparing them by a t test. In this way, areas of significant change were shown as an image of t values thresholded for descriptive purposes at two levels: p < 0-01 and p < 0001.The anatomical localisation of significantly changed areas was performed by simple cross reference to coordinates in the stereotaxic atlas ofTalairach and Tournoux. 9
3) Individual changes: To assess individual changes in relative rCMRO2 we considered each pair of studies matched anatomically by reference to the AC-PC line. Scans were smoothed, again to increase signal to noise, though less severely because of the absence of interindividual anatomical variation. Subtraction images were generated by taking the CMRO2 values of the first scan from the second, pixel-by-pixel. Only regions with increases spread over 4 contiguous pixels and anatomically associated with the motor system were considered further, that is, the primary motorsensory area, the premotor area, the supplementary motor area, the basal ganglia and the thalamus. Increases in normalised rCMRO2 were quantified and expressed as percentage changes. The localisation of areas with an rCMRO2 increase was performed as above. Data from the cerebellar regions were not available from all patients and therefore are not analysed further in this paper.
In an attempt to describe with one variable both the extent and magnitude of relative rCMRO2 changes, we defined an index (oxygen metabolism index: OMI) from the product of the per cent normalised rCMRO2 increase in the region (calculated as the ratio of the average rCMRO, between the second and the first scans) and the size of the contiguous area over which change was demonstrated (in pixels).
Statistical analysis
Changes in rCMRO2 and OMI values and clinical scores were analysed by intergroup comparisons using Student's t test for paired and unpaired observations, linear regressions and Spearman rank correlations. Bonferroni corrections were used to adjust the threshold of significance for multiple comparisons.
Results
At the second examination, all patients demonstrated some recovery of motor function. The mean (SD) index of motor recovery (RI = MI at follow up -MI at entry), was 22 (15) (+33%), ranging from +5 to +46. The MI at entry was positively correlated to the MI at follow up (r = 0 91; p < 0 000 1), but there was no correlation between the RI and both the MI at entry or at follow up scanning. Three patients (1, 6 and 10) had large cortical lesions on CT or MRI, while the remaining seven had small infarcts with a maximum diameter less than 2-5 cm. There were no statistically significant differences between the MI at entry or follow up, or of the RI between patients with small and large lesions.
In the lesion, a relative rCMRO2 increase was observed in all but three patients (1, 4 and 5). On average, the rCMRO2 increase was 9 (17) %. There was no correlation between the rCMRO2 changes at the site of lesion and the RI (fig 1) . Statistical analysis failed to reveal a single pattern of rCMRO2 change for the ;ociate4 areas are reported in 8) and two showed no cortical change (patients magnitude and extent of meta-2 and 7). Greater improvement of motor ment did not correlate with MI function was observed in patients in which y or at follow up. The change in there was a mean (SD) OMI increase in the liffer between patients with large affected hemisphere [RI = 34 (13) ] than in chaemic lesions in either the patients in which the increase in OMI was naffected cerebral hemispheres, absent, or present only in the contralateral Lally nor globally.
hemisphere [RI = 10 (4)]; p < 0 005). Fur-)n between the RI and the OMI thermore, patients with a relative cortical egions associated with motor CMRO2 increase in the unaffected hemisphere )bserved in the affected hemi-only [RI = 13 (1)] recovered better than 0-75; p < 0-01) (fig 2) . No patients without cortical metabolic change [RI Ls found between motor recovery = 7 (2)]; p < 0-01). ic increases in the unaffected Patient 5 was a 56 year old women who in the motor areas of both sides presented with a sudden onset of right hemiooled. There was no significant plegia without language or sensory deficit. The the OMI between the two cere-MI was 0. In the past medical history she had res.
rheumatic fever, hypertension and a family ialysed the different individual history of stroke. On admission, chest radio-,MRO2 change (table 3). In the graphs and ECG were normal. Doppler sonogtient showed an increase in the raphy was normal. Echocardiography showed mitral valve prolapse. The CT scan showed a hypodense lesion in the left corona radiata. Later, an MRI scan showed an hyperintense area in the left corona radiata and scattered "lucencies" in the white matter. The PET scan showed reduced metabolism in the area of the lesion and, of lower magnitude, in the left / frontoparietal cortex.
At follow up, the patient had improved, with p<.O1 a mild residual right hemiparesis affecting the upper more than the lower limb. She was able * to walk and the MI was 35. The PET scan showed persistence of reduced metabolism in the damaged area. Subtraction imaging I100 200 300
showed an increase of oxygen metabolism in the primary motorsensory area, the premotor OMI INCREASE area, the basal ganglia and the thalamus of the affected hemisphere. A metabolic increase was 2tion between the increase in the oxygen found in the primary motorsensory area and (OMI) in motor areas of the affected re and the degree of improvement of the premotor area in the contralateral hemi-SI).
sphere (fig 3) . 1  0  136  0  136  0  0  2  32  0  0  0  32  0  3  163  135  121  83  42  52  4  0  187  0  100  0  87  5  88  69  20  69  68  0  6  382  117  360  20  22  97  7  0  0  0  0  0  0  8  25  214  25  214  0  0  9  93  182  93  139  0  43  10  106  128  106  86  0 Hakim et al21 who reported rCMRO2 changes occurring in the core of the ischemic lesion and in the "penumbra" area, in a randomised study of the effects of nimodipine in patients with acute stroke. Despite different patterns of metabolic changes in these two areas (+24-4% and + 18-8% in the treated group and in -17 1% and -12-4% in the untreated one), the authors did not observe any differences in outcome between the two groups. Our study and that of Hakim et al scanned patients relatively acutely, but at a stage when low OER indicated that ischaemic infarction had already occurred.7 It is therefore not surprising that we found no significant correlation between functional recovery and relative metabolic changes in the infarct itself.
We have, however, observed a correlation between motor recovery and the mean relative increase of metabolism in cerebral regions involved in motor function in the affected hemisphere and in particular in the cortex. Thus our data suggest that the degree of relative metabolic improvement in intact areas functionally connected to the site of ischaemic damage may be correlated with the magnitude of clinical improvement. The occurrence of functional changes in the nervous system at sites remote from the primary lesion has been named diaschisis. 22 Our results also suggest that in some cases there may be a role for the unaffected hemisphere in the recovery process. Generally we observed similar relative metabolic increases in the cerebral hemispheres between the first and the second scans, but patients without an increase in the lesioned, but an increment in the unaffected hemisphere seemed to recover more than patients without cortical metabolic changes in either. There is clinical and experimental evidence to suggest a role for the ipsilateral hemisphere in recovery and there are also dramatic clinical reports of functional recovery following hemispherectomy. [32] [33] Other investigators have demonstrated deficits in fine motor control and speed of execution of hand movements on the side ipsilateral to cortical lesions.3-A direct ipsilateral corticospinal projection has been suggested by experimental studies with unilateral spinal cord or cerebral peduncular lesions.38 This phenomenon is evident only after a lesion because the ipsilateral pathways are probably suppressed when the crossed contralateral system is intact.39 The role of cross-talk between the hemispheres may be a crucial component of this mechanism. Crowne et al40 found that monkeys that recovered from acute neglect after frontal eye field lesions redeveloped neglect after callosal section. Watson et al4' demonstrated that neglect after unilateral frontal lesions was more severe in monkeys who had previously undergone callosal section. Steiner and Melamed42 observed that ipsilateral eye deviation after unilateral hemispheric stroke usually persists for a few days, but may persist for weeks if there has been previous damage to the other hemisphere.
Further evidence for the role of ipsilateral structures in the recovery of function comes from the work of Yamaguchi et al 3 who showed a focal rCBF increase in the right hemisphere in a region homologous to Broca's area during verbalisation following recovery from aphasia. Levine et al44 showed that the rate and extent of improvement from left spatial neglect in patients was dependent on the integrity of remaining areas in both cerebral hemispheres, as assessed by the presence of atrophy at CT scan. Recently, Chollet et al " have performed PET CBF activation studies in patients with recovery from ischaemic hemiparesis. They demonstrated strict lateralisation of focal cortical responses when the normal hand was used, but bilateral foci on movement of the recovered, previously paretic hand.
In conclusion, we observed a relative increase of oxygen metabolism in the lesioned hemisphere in all our patients, affecting the primary lesion and/or areas apparently undamaged by the primary ischaemic insult. The cortical increases correlated with recovery. Motor recovery was least pronounced in those without demonstrable increase in relative cortical oxygen metabolism, intermediate in those with increases in the cortex of the unlesioned side alone and most marked in those with increases in the appropriate, but lesioned hemisphere also. This pattern suggests that motor recovery may be due to the development of new functional connections between brain areas generally associated with motor function. Thus motor recovery is a complex phenomenon in which the lesioned site and other cortical and subcortical areas (in ipsilateral and contralateral hemispheres) that together constitute the distributed neuronal network that normally subserves movement, interplay to help reverse the deficit caused by the infarct. The conclusions of our study must be qualified by the number of patients, the heterogeneity of clinical presentation and the use of steady-state techniques which permit only single estimations of metabolism at one scanning session.
Metabolism is a more direct index of transsynaptic activity than cerebral blood flow.
However, rCBF can be used effectively to monitor changes of metabolism during activation, whereas rCMRO2 appears uncoupled from local glucose metabolism (rCMRGlu) under these conditions.46 In addition rCMRGlu cannot be measured rapidly. This explains why this is the first attempt at a regional analysis of the relative profiles of resting rCMRO2 in patients recovering from stroke.
